
UNCLASSIFIED

AD 414105.

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA. VIRGINIA

UNCLASSIFIED



NOTICE: 1hen goverment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Goverment thereby incurs no responsibility, nor any
obliation vhatsoever; and the fact that the Govern-
ment my have formlated, furnished, or in ay way
supp.ied the said drawings, specifications, or other
data in not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or peruission to anufacture, use or sell any
patented invention that my in any vay be related
thereto.



ATCRL-1022

ScetfcReport Number 5 (j
AN UPWARD PULSE DELAY

SYSTEM FOR MEASURING
ELECTRON DENSITIES OF

THE IONOSPHERE

UNWERSITY OF UTAH

UPPER AMR RSEARCH LABORATORY

SALT LAKE CITY, UTAH

105-

Theresarc reortd i ths dcumnt as eensponsored by the
Geohyscs eserchDirctoate Ai FoceCambridge Research

Laboatoies Ofice f ArosaceReserch UntedStates Air Force.



AECRL - 1022

~ci ent if ic,/epl /o 5

S) AN UWARD PULSE DELAY SYSTN( FOR
SMEASURING ELECTRO)N DENlSITIES

OF THE IONOSPHERE

compdJZrl

Robert E. Watson.

University of Utah

kAV\. Upper Air Research Laboratory

Salt Lake City, Utah

Vj I Final Rep/ 4 UU& v/ ract . AF-lq1 -2227

The research reported in this document has been sponsored by the Air Force
Cambridge Research Laboratories, Office of Aerospace Research, United States
Air Force, Bedford, Massachusetts.

Submitted By:

Obed C. Haycock Dete-
Chief Investigator



AFCRL 1022 O

Sjcientific/leZt0"

(3' AN UPWARD PULSE DELAY SYSTEM FOR

MEASURING ELECTRON DENSITIES

VJ (OF THE IONOSPHERE

Comp 4 z/[

Robert E. Watson,

University of Utah
(. Upper Air Research Laboratory

Salt Lake City, Utah

Final Conttj" ract 4. Alqol-2227Rep_ t .s-/ AF.46o,,) -

The research reported in this document has been sponsored by the Air Force
Cambridge Research Laboratories, Office of Aerospace Research, United States
Air Force, Bedford, Massachusetts.

Submitted By:

Obed C. Haycock Date-1 .Chief Investigator

V9 )



ERFThUM4 SHEET

Page

. 10 Fig. 3. line missing - top C. to top R.

2. 22 Paragraph B. 1st sentence . . low frequency receiving

'antenna must ........

23 Fig. 3H Caption - Schematic Diagram of Low Freqyency

Receiver.

31 End of 10th line, 2CCO ps instead of 200 ps.

43 Change .lpf decoupling cap to : pf, Fig. 16.

6. 49 Fig. 19. Change all 11.9 ph inductors to 23.8 ph.

7. 50 Fig. 20. Change three 2 ph inductors to 4 4h.

8. 51 Fig. 21. Change inductors in delay lines to correspond

to modifications in Figs. 19 and 20.

9. 61 Add (L/2 ) input inductor to delay line.



PREFACE

The work reported in this paper represents the composite effort of a

number of men with Mr. Robert E. Watson serving as coordinator and assuming

the principle responsibility of the development. Mr. Kay D. Baker also

contributed much to the project. The Solid State Receiver developed for

this project is primarily the work of Professor Charles Alley. Mr. John

Evans and Sheil Sung carried cut a large portion of the construction work.

At the time of this writing, the equipment is in essential readiness

to be flown in a rocket for measuring the electron densities of the ionos-

phere. It is comtemplated that this rocket flight will take place early in

the year 1962.



ABSTRACT

A system is described which measures the free electron content of the

Ionosphere by the transmission of rf pulses between a rocket, which is

passing through the Ionosphere, and the ground. The basic requirements

and operation of the system as a whole are examined. The development

and design of each of the component parts of the system are then discussed,

including circuit diagrams and any important construction details. Special

emphasis is placed on the design of a ground based low frequency pulsed

transmitter.. e transmitter was designed to operate from 4 mc to 12 mc

with very little re-tuning, producing a pulse power of 20 K.W. Special

provisions make t possible for the transmitter to operate at a single

crystal controll d frequency or to produce a pulse train which is com-

posed of a sequ nce of frequencies covering a one megacycle band. This

frequency stepp ng feature makes it possible to examine the Ionosphere's

effect on pulse ropagation at several frequencies concurrently during

a rocket flight. The design of a low frequency rocket-borne receiver

also capable of operation from 4 mc to 12 mc is discussed in detail. The

receiver is completely transistorized and incorporates a unique gated

AGC system which greatly improves the signal to noise ratio in the receiver

output. A ground station for receiving and recording the pulses trans-

mitted from the rocket is also described including the circuit design of

the various units.
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I. INTRODUCTION

This paper describes the development and operation of a system to

be used by the Upper Air Research Laboratory at the University of Utah

for conducting ionospheric research. The Upper Air Research Laboratory

is at present under contract to the Air Force Cambridge Research Labora-

tories, Air Force Research Division to conduct experiments for measuring

the free electron density in the ionosphere. One method of obtaining

this data involves the transmission of radio frequency signals between

a rocket which is passing through the ionized medium and the ground.

A simplified analysis of the propagation characteristics of an electro-

magnetic wave in an ionized medium is included in Appendix I. The result

of this derivation shows that if the medium is assumed lossless and the

effect of the earth's magnetic field is neglected, the phase velocity of

an electromagnetic wave is:

vp c2 (1)

c = 3 x 108 meters/sec
f = plasma frequency

c

f = freq. of the E.M. wave

and the group velocity is:

v) 12
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These expressions illbe recognized as the familiar waveguide equations

except the term f is here re-defined as a quantity called the plasmsc

frequency of the ionized medium. The physical significance of the f isC

that below this frequency the effective dielectric constant becomes

negative and the propagation constant is imaginary.

f a) C Ne ]l/2(3

N = electron density in elect/m3
e = electron charge 1.6 x 1019 cou.

e = perm. free space = 8.85 -1 2 farads

M = Mass of electron = 9.1 x 10-31 kg-
e

Two basic methods of obtaining the electron density (N) now are

readily apparent. Measurement of either the group or phase velocity of

a wave propagating through the ionized medium will be sufficient to determine

N. Both of these methods and others have in fact been used with good

success. 1,2 Using the method of transmission of radio frequency signals

between a rocket in the ionosphere and the earth, it is not possible to

measure directly either of these quantities instantaneously at any point

in the propagation path. The basic measurement mast therefore be a

comparison between two signals. The frequency of o1na signal is relatively

near the plasma frequency of the medium such that it experiences group and

phase velocities different -than c and)the other signal has a frequency which

1D.J. Baker "Electron Densities of the Ionosphere Utilizing High
Altitude Rockets", Ph.D. Thesis Elect. Eng., Univ. of Utah, 1956.

2J.E. Jackson, 'Measurement of the E-layer with the Navy Viking

Rocket," J. Geophys. Res., Vol. 59, P. 377; 19 54.
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is high compared to the plasma frequency such that it is essentially un-

affected by the ionosphere.

This paper describes a system which measures the relative decrease

in group velocity of a radio frequency pulse which passes through the

ionosphere. This involves the transmission of two signals through the

ionosphere from ground based transmitters to rocketborne receivers. One

signal is a UHF reference pulse which is negligibly affected by passage

through the ionized medium; and the other is a probing frequency pulse

which is slightly above the plasm frequencies of the ionospheric layers

to be penetrated. The relative transit time of the two signals through

the ionosphere is determined by telemetering their arrival times at

the rocket back to ground receiving and recording stations. The relative

increase in transit time of the probing frequency pulse compared to the

reference pulse is a measure of the group velocity of the low frequency

pulse if the rocket position is known so that the propagation path is

determined. From this information, the electron density can then be

determined.3

The primary problem encountered by the author was the design and

construction of the probing frequency transmitter. This paper will

therefore discuss the system as a whole and the function of each of the

individual components without great detail and then present more specifi-

cally the design details of the transmitter. The basic requirements of

the low frequency transmitter are given in Table I. Note that the

3Baker, op. cit., p. 30-37



operating frequency must be variable from 4 to 12 mc with an overall

bandwidth of one mc or greater. This requirement presents some unique

problems if the operating frequency is to be readily adjustable over this

entire range with a minimum of involved re-tuning procedures. Another

unusual design feature of the transmitter is the provision for stepping

frequencies over any one mc band within the range of operating fre-

quencies. This feature makes it possible to obtain a family of curves

of electron density vs. altitude for several frequencies within any one

mc band.

TABLE I.

Transmitter Specifications

1. Center frequency - 4 to 12 mc.

2. Modulation - 5As pulse with p.r.f. of approx. 200 cycles/sec.

3. Power - 20 kw peak pulse.

4. Step frequency - the transmitter must be capable of stepping

frequencies over a one mc band at any center frequency within

the operating range, the number of steps being adjustable with

proper coding to indicate the beginning of each stepping sequence.

5. Single freq. crystal control - when stepping over a band of

frequencies is not desirable, it must be possible to operate at

a single crystal controlled frequency.

6. Size - The entire unit must be physically small and light

enough to be readily portable.



IIo SYSTEM RUIRDErTS

The complete system for measuring the electron density of the

ionospheric layers by pulse propagation delay methods is shown in block

form in Fig. 1. Basically, it consists of two ground based transmitters

which transmit pulses with a given time synchronization, their respective

airborne receivers, a high frequency telemetry system for relaying the

time of arrival information of the two upward pulses back to the earth,

and a recording station to continuously record this information during

the experiment. Reduction of the pulse delay data to yield electron

density information requires in addition that the rocket position also

be accurately determined. This information is supplied by an s-band

radar unit with the aid of a transponder located in the rocket. The

complete timing sequence of events both on the ground and in the rocket

is shown in graphic form in Fig. 2.
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hTi
dRocket

Equipment Ii-

Ground
Equipment

d = distance to rocket
c = velocity of light

Tf = fixed delay

T = relative retardation
delay time

Fig. 2 Transmission Timing Sequence
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III. TEE ' LE IUK

We have already placed the requirement on the reference frequency

that it must experience "negligible" change in group velocity in passage

through the ionosphere. If the term negligible is taken to mean a mxi-mm

allowable change of 1%, then from the form of equation(2)Lt can readily be

determined that the reference frequency must be in the order of 7 times

greater than the plasm frequency of the medium. If the experiment is

to be able to measure the electron density of the lower F layer of the

ionosphere which exhibits a plasm frequency of about 10 mc, the reference

frequency must be at least 70 mc or greater.

An s-band radar transponder was to be included in the rocket instrumen-

tation to insure reliable tracking for good trajectory data. It was

decided that it would be possible to utilize this transponder and the

ground based radar transmitter and receiver to provide the reference

link for the experiment. This required synchronization of the low frequency

transmitter to the radar P.R.F. or an integral sub-multiple with a fixed

time reference between transmission of the two pulses. Since the radar

frequency is several orders of magnitude higher than the highest plasm

frequency to be encountered in the ionosphere, its group velocity should

exhibit freespace velocity for any practical measurement and hence it

should be an excellent reference. The combined functions of the UHF

transmitter and receiver and the telemetry system of Fig. 1 are therefore

actually performed by the radar system.
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IV. THE PROBING FRAUENCY LIK

This part of the system consists of the ground based low frequency

pulse transmitter, an airborne low frequency receiver and their associated

antenna systems. The transmitter is to be considered in detail in a later

section and thus will not be described here.

A. Airborne Low Frequency Receiver. The airborne receiver was in

itself a challenging problem which was undertaken by Mr. Charles Alley,

a faculty member of the Electrical Engineering Department of the University

of Utah, during summer employment at the Upper Air Research Laboratory.

The Upper Air Research groupt agreed that the rocket-borne receiver

should be designed to meet the following specifications:

Tuning range (with minor modification): 4 mc to 12 mc.

Bandwidth: 0.5 mc.

Sensitivity: 10 L volts or better.

Frequency Stability: Assured by crystal controlled local
oscillator.

Operating temperature range: 0 OC to 50 OC.

Antenna impedance: 50 ohms.

Outputs: Video and pulse at separate jacks.

Shocks and vibration. 100 Shock, 20 Vib. at 60 cps.g g
In addition to meeting the above specifications, the receiver was to

be gated on for an adjustable 150 gs to 200 Is period following a 50 gs

to 1 0 ps adjustable delay from a trigger pulse. Also, transistor circuits

were to be used exclusively.

The requirement that the receiver be compact and rugged virtually

eliminated the use of conventional tuning circuits which could ordinarily
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be used to tune from. 4 mcs to 12 mcs in. a single band., Therefore,, the-

decision was made: to divide the 4 mcs to. 2 mcas frequency range into. three

bands and. utilize slug tuned. coils to. tune- through- each.band, The pro-

cedure for changing bands would be to replace: the- fixed tuning capacitors

in the r-f amplifier and first detector stages of a superheterodyne

circuit.

The bandwidth requirement of the receiver discouraged the employment

of an. intermediate frequency* (if) below 4 mcs. Also,, an - * above 12 mc:

was undesirable because the. power gain of the available transistors de-

creased about 7 db for each octave frequency increase in this region

Therefore,. the decision was made to operate the receiver as a tuned- radio

frequency (trf) receiver in the frequency band. of 4 me.. to 6 mc. Then the

receiver could be operated as a superheterodyne receiver in the upper' two

bands utilizing an intermediate frequency of 5.0 Mc.

THE R-F TUNER

The circuit diagram of the r-f amplifier is shown in Fig. 3 . The

~I

C,,

I=Ui 3. TE RF -AMLFIER



11

capacitors C. and C and the coil LI form the tuning and impedance matching
31

network between the antenna input and the base of the transistor. The

capacitor indicated by the dashed lines is added when reception in either

of the lover two bands is desired. The resistors R,, R2 and R4 comprise a

stabilized bias circuit for the transistor. The values of these resistors

are determined by the temperature stability requirements of The circuit.

The automatic gain control (AGC) system reduces the forward bias on the

transistor as the signal level increases. This reduced bias decreases the

current gain and increases the input impedance of the transistor. Both

of these effects decrease the power gain. The AGC system will be discussed

later.

The 2N1742 was chosen as the transistor T . This choice was made be-

cause the input impedance of the 211742 is essentially independent of fre-

quency over the 4 mcs. to 12 mcs. range. However, as previously mentioned,

the input impedance is a function of the base bias. Therefore, the resistor

R3 was used to stabilize the load on the tuned circuit and hence, stabilize

the bandwidth of the amplifier.

The capacitor C7 provides neutralization for the transistor. The

value of C7 was determined by reference to the transistor manufacturers test

circuit data.

The resistor R5 is a decoupling resistor for the collector supply

voltage V cc. Capacitors C1, C4 and C5 are bypass capacitors.

THE FIMUENCY CONVERTER

The circuit diagram of the frequency converter is shown in Fig. 3A.

The biasing and decoupling circuits of the oscillator and first detector
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are similar to these in the r-f amplifier circuit.. The oscillator signal

is inductively coupled into the emitter circuit of the first detector-

The non-linearity of the input characteristics of the transistor is utilized

to produce the sum and difference frequencies. The 2N1742 transistor is

used in the first detector circuit.

The oscillator circuit is a Hartley circuit with. the crystal operating

in its series mode. Therefore, the frequency of oscillation will be very

near the series resonant frequency of the crystal. The oscillation

frequency will be precisely at this crystal frequency only when the induc-

tance L and capacitance C also resonate at the crystal frequency. The
o 0

oscillator frequency can be changed over fairly wide limits, however, with-

out changing either L or Co, because oscillation will occur when the crystal
0 0

presents either a net capacitive or inductive reactance, providing this

net reactance is appreciably smaller than the reactance of C . The crystal0

can provide this relatively small reactance only when the frequency of

oscillation is very near the crystal resonant frequency. When the crystal

is removed from the circuit, oscillations cease. However, the circuit

will oscillate as a conventional LC Hartley circuit if the crystal is

replaced either by a capacitance or a short circuit. When a capacitance is

used to replace the crystal, the oscillator frequency will be controlled

by the value of this capacitance. As the capacitance approaches the value

of C0 , oscillation will cease. A 2N384 transistor was used in the oscillator.

THE I-F AMPLIFIER.

Preliminary calculations indicated that adequate receiver sensitivity

would be achieved if two stages of i-f amplification were employed. Therefore,
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two stages were designed using the 2N384 transistor. Since the two stages

are identical, only one stage is shown in the circuit diagram of Fig. 3B.

The second detector is also shown in this figure. Double tuned coupling

circuits are used in the i-f amplifier. The value of the coupling capacitor

Cc was chosen to provide a coefficient of coupling equal to 1.4 times

the critical or transitional value. Then the selectivity pattern of the

complete tuner is approximately that of two maximally flat triplets.

The transistor bias and tuned circuit loading in the i-f amplifiers

are similar to their counterparts in the r-f amplifier. One additional

feature has been added in the i-f amplifier, however. The resistors R1

and R2 in Fig. 3B provide a small bleeder current through the emitter

circuit bias resistors. This current increases the effectiveness of the

AGC system in reducing gain at high signal levels. Therefore the signal

Z.c

ACE

FIGURE 3B. THE i-f AMPLIFIER AND SECOND DWIECTOR
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level at which the receiver will saturate is increased because of this

bleeder circuit.

THE VIDEO AMPLIFIER AND BLOCKING OSCILLATOR.

The criteria for selecting transistors for the video amplifier and

blocking oscillator circuits were fast rise time, low saturation current

I cb and moderate cost. In addition to providing adequate video gain,

these circuits must provide the gating feature prescribed in the specifi-

cations. The circuit of Fig. 3C was devised to perform these functions.

The component values are given in this figure to facilitate the under-

standing of the circuit operation. In the first video amplifier the

2.2 k.Qresistor in series with the base of 41 increases the charging

time of the 0.1 4f coupling capacitor, thus reducing the reverse bias

which results from the charging of this capacitor through the transistor

r -4.. A k~e
-A .2 VROJ 24 - S ,

T-z r /0

.J~T6

FIGURE 3Co VIDEO AMPLIFIER AND BLOCKING OSCILIATOR CIRCUITS



during the video pulse. A slight reverse base bias is beneficial be-

cause it eliminates the background noise or grass and thus improves the

signal to noise ratio. This 2.2 kfl resistor in series with the base also

acts in conjunction with the input capacitance of the video amplifier to

improve the filtering of the i-f from the video signal. The 100--

resistor in the emitter circuit of transistor C1 improves the thermal

stability of this transistor.

The second video amplifier Q2 operates as an emitter follower. The

collector voltage of this transistor is supplied through the gating tran-

sistor Q3 only during the gating pulse. Therefore, this second video

amplifier Q2 cannot amplify except during the time the gate pulse is

applied to the gating transistor. However, the gating transistor is main-

tained in cut-off condition between gating pulses by the charge which

accumulates on the capacitor C1 during the gating pulse. Therefore, in case

the gating pulse should fail, the gating transistor Q3 would soon be

forward biased to saturation by the current through R, and the receiver

would operate continuously.

When collector voltage is not applied to the second video amplifier

the base signal is coupled through the forward biased base-emitter

junction into the emitter circuit. In order to minimize this signal feed

through during the off period of the gate, the 18 k" resistor was added

in series with the base. This increased driving source resistance has

little effect on tne output signal wfile tne amplifier is gated on because

the amplifier then has a very nign input impedance.

Without the capacitor ( the leading edge of the gating pulse fed
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through the collector junction capacitance of transistor Q2 and caused a

very narrow spike to appear in the output. Therefore, the small capacitance

of C was added to the circuit to couple a spike of similar characteristics

but opposite polarity into the base of transistor Q2 " Thus the gating spike

was essentially eliminated by the addition of C2.

The gated video from the emitter follower is coupled through resistors

to the AGC amplifier and the blocking oscillator circuit in addition to

being capacitively coupled to the video output jack. The diode in the

base circuit of the blocking oscillator Q4 provides uni-directional coupling

to the blocking oscillator. Without this diode the base voltage of the

blocking oscillator would be coupled into both the AGC amplifier and the

video output. The resistor Rf in series with the blocking oscillator

feedback capacitor prevents overshoot of the base pulse. Base pulse over-

shoot would be coupled back into the video and AGC circuits.

The bleeder current through resistor R2 (1.5ka) flows through resistor

R3 and applies a small reverse bias to the emitter of the blocking oscillator

transistor Q4" The value of this reverse bias determines the triggering

level of the blocking oscillator. The series diode and resistor combination

across the output of the blocking oscillator transformer damps out the

oscillations and overshoot of the pulse transformer.

THE AGC SYSTEM

The AGC system must be sensitive to the amplitude of the video pulse

but insensitive to the background interference in the receiver. Therefore,

the gated video pulse is used 'o activate the AGC system. Also, as ahown

in the circuit diagram of Fig. 3D, the AGC amplifier is capacitively coupled;
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(.7gK

FIGURE 3D. TE AGO AMPLIFIER

hence cw signals cannot activate the AGC system. The AGC amplifier consists

of three cascaded emitter followers which provide a very low output im-

pedance and a high input impedance. The operating point of each of these

amplifiers is in a slightly reverse base bias condition under quiescent

conditions. Therefore, when no input signal is present, the r-f and

i-f amplifiers obtain normal forward base bias through the AGC system and

the 4.7k resistor R.

When a video pulse is applied to the AGC amplifier, each transistor is

forward biased during the period of the pulse. During this time the 22 pf

capacitor C discharges through the very low output resistance of transistor
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Q 7 The discharge time constant of capacitor C through the output resis-

tance of transistor C7 must be of the same order of time as the duration

of the video pulse. However, the capacitor C charges through the 4.7 M

resistor R during the time between video pulses. The charging time constant

is the product of the capacitance of C and the parallel combination of

resistance R and the resistance between the AGC line and ground. This time

constant must be long in comparison with the video pulse repitition fre-

quency so the AGC voltage will not change appreciably between video pulses.

The capacitor in the emitter circuit of transistor 06 broadens the

video pulse and thus reduces the peak currents through transistor Q7 . The

small input current to transistor Q5 cause no significant loading on the

video amplifier during the video pulse. The AGC voltage reduction from

the quiescent condition is almost equal to the voltage amplitude of the

video pulse applied to the AGC amplifier.

THE DELAY AND GATING CIRCUITS.

The delay and gating circuits are conventional monostable multivibrator

circuits as shown in Fig. 3E. The reference diode in the input of the delay

circuit clips the input trigger level at 7.0 volts and thus protects the

transistors from excessive voltages in addition to providing a relatively

constant trigger amplitude. The sensistors in the emitter circuits of the

multivibrators cause the delay and gate lengths to be essentially in-

dependent of temperature. The output impedance of the gating multivibrator

must be fairly low in order to charge the coupling capacitor C1 during the

gate interval. As explained in the video amplifier section this charging of
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CI is necessary in order to keep the video amplifier disabled between gating

pulses.

out

zV AfrA5 ;IP367A wS

D~ela y e", al CM. I

FIGURE 3E. THE MEAY AND GATING CIRCUITS

TEST RSULTS

The receiver was tested in a varying temperature environment. The

receiver sensitivity, bandwidth, output pulse amplitude, delay time, gate

width and supply current drain were measured as a function of temperature

from -10' centigrade to 60' centigrade. The output pulse amplitude re-

mained constant at 62 volts. The current drain also remained constant at

35 ma. Therefore, the total power drawn from the power supply is nominally

420 milliwatts. The variations of sensitivity and bandwidth as functions

of temperature are shown in Fig. 3F. The sensitivity met the specifications
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over the prescribed temperature range. However, the bandwidth decreased

from approximately 0.5 mc at moderate temperatures to 0.45 mc at the upper

prescribed limit of 500 C. Although the 0.4 5 mc bandwidth is satisfactory,

the bandwidth of the production models will be increased sufficiently to

provide 0.5 mc minimum baliwidth.

Te delay time and gate width are plotted as functions of temperature

in Fig. 3G, The delay time varied approximately 7 percent and the gate

width varied about 8 1/2 percent over the prescribed temperature range.

The decrease in delay time and gate width with increasing temperature

indicates that the multivibrators are over compensated. The variations

of delay time and gate width with temperature could be reduced to less than

5 per cent if the proper amount of fixed resistance were combined with the

sensistors to reduce the amount of compensation. The complete schematic

diagram of the receiver is presented in Fig 3H. Also, photographs which

show the receiver construction details are provided in Fig. 4.

B. Low Frequency Receiving Antenna. The airborne low frequency re-

ceiving must meet some very exacting mechanical as well as electrical re-

quirements. If there is any protrusion on the outside of the rocket skin,

it must be of such size and design ttat the aerodynamic properties of the

missile are not appreciably altered. Also, any protrusion into the air

stream may experience severe frictional heating as the missile passes

through the dense portion of the atmosphere. Indications from previous ex-

periments are that such protrusions may experience surface temperatures as

high as 1000'F. An antenna structure must also be mechanically strong enough

to survive the heavy vibrational and acceleration environment during the
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FIGURE 4, CONSTRUCTION DETAILS OF AIRBORNE LOW FREQ UENCY RECEIVER
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powered portion of the rocket flight. It is desirable that the antenna

mechanism be as simple as possible to insure the greatest reliability of

*, operation.

Eletrically, the low frequency antenna must be some appreciable fraction

of a wavelength in order to achieve a high degree of efficiency. For the

range of specified operating frequencies, the electrical wavelengths vary

from 25 meters to 75 meters. Since the missile to be used for conducting

the experiment has an overall length of approximately 10 meters, the design

of an efficient antenna system is indeed a difficult problem. Various low

frequency antenna systems have been used in conducting other previous ex-

periments and evaluation studies of their performance characteristics have

been made. 4 ,5 Of these, the system which was chosen for this experiment was

a dipole antenna consisting of two 8 foot fiberglass covered whips to be

mounted on diametrically opposite sides of the missile. An erection mechan-

ism has been developed which allows the antennas to remain flat against the

rocket body during the initial part of the flight. In this position a

streamlined profile is presented to the air stream by an aluminum casting

into which the antennas are mounted. The antenna mounting and erection

mechanism is shown in Figures 5 and 6 and the complete assembly with the

fiber-flass antennas in flight position is shown in Fig. 7. At a predetermined

time, the mechanism is tripped and the antennas are erected by spring tension.

4 G.F. Miner, "Characteristics of Low Frequency Antennas for Rocket
Applications", M.S. Thesis, Electrical Engineering, University of Utah; 1960.

5K.D. Baker, "High-Altitude Rocket Loop Antennas", M.S. Thesis,

Electrical Engineering, University of Utah; 1957.
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I

FIGURE 5. ANTENNA MOUNTING AND ERECTION MECHANISMI
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FIGURE 6. ANTENNAS MOUNTED ON ROCKET BODY

' Ilk

FIGURE 7. ANTENNAS EXTENDED IN FINAL POSITION
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The spring must only be capable of overcomin the friction .in. the: syste

and a slight amount of air drag. The rocket will be. above, the, major portion

of the atmosphere and essentially in a free fall condition when the: antennas

are released.

The antenna, elements are so constructed. that the. lower section. consists

of a distributively wound coil which gives approximately th: right inductive

component to resonate the electrically short antenna slightly above the

desired operating frequency. A final tuning of the antenna can then be,

accomplished by inserting ferrite material into the base of the,antenna

thus increasing the inductive component of the distributed coil to resonate
6

the antenna at the desired frequency., This tuning operation is conducted

by placing 1/2 of the dipole on a mockup of the actual rocket body with

an infinite ground plane passing through the center neutral plane. The

terminal impedance is measured with an impedance bridge located in an

excavation directly beneath the antenna and the ground plane.
7

This type of antenna should prove very satisfactory in all respects.

The impedance characteristics indicate the bandwidth to be sufficient and

the efficiency is superior to that of a straight dipole antenna of the sam

length which is tuned by a lumped inductor. The fiberglass coating on the

surface of the antenna provides adequate protection from the frictional

heating to be expected as the missile passes through the dense portion of the

atmosphere.

6Xiner, 2R. cit., p. 24

7Ibid., p. 30
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V. THE RECORDING STATION

Requirements for reduction of the data from the primary quantity

of pulse delay time to electron density of the medium make it desirable

to be able to measure the propagation delay of the low frequency pulse

to the order of .1 sec accuracy. This requirement virtually eliminates

all comon methods of recording the data other than direct photographing

of an oscilloscope display. A block diagram of the ground recording

equipment is shown in Fig. 8.

Coincident with the upward transmission of the low frequency pulse,

a 2D000 sec gate is initiated which places the sweep trigger circuit in

a state such that it will accept the first incoming pulse which is of

the proper amplitude. The gate length of 2000 iisec was selected as the

-mi-- estimated time which should be required for propagation of the

low frequency pulse from the ground to the rocket and the return of the

high frequency reply when the rocket is at peak altitude. If the system

pulse repitition frequency is about 200D, the gate will eliminate the

possibility of noise triggering over somewhat greater than half the total

period between pulses, thus giving an overall noise reduction factor of

about 2. This figure could be greatly increased if it were possible to

employ some type of coding on the reference pulse. With the use of the

radar system as the reference link, this cannot be accomplished and the

factor of two is about the best that can be achieved without sacrificing

data points by using a lower P.R.F.
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The clipper and pulse generator consists primarily of a blocking oscilla-

tor which incorporates a clipping circuit so that only pulses of a given

amplitude will be accepted from the radar receiver.

The output of this unit is sent to the vertical plates of the

oscilloscopes and also to the sweep trigger circuit. This circuit produces

a trigger upon receipt of the first pulse after the 2000 psec gate is

initiated. For good signal strength at the radar receiver, this will

be the reference pulse. The sweep trigger circuit is designed with a

recovery time of 500 4sec to prevent the data pulse from also triggering

the oscilloscope sweep. The schematic of the pulse generator, 200 MIsec

gate, and sweep trigger circuit is shown in Fig. 9. The output of the

sweep trigger circuit must then be delayed 300 psec before triggering the

oscilloscopes. This delay corresponds to the initial fixed delay between

the upward transmission of the high and low frequency pulses, which was

represented graphically as Tf in Fig. 2. Ten psec range mrkers are

generated by a ringing type mrker generator and mixed with the radar

receiver video to be displayed vertically on the oscilloscopes. The mrker

generator is triggered by the output of the trigger circuit directly, thus

eliminating any possibility of jitter due to the delay circuit. The 300

Isec delay circuit is shown in Fig. 10 and the mrker generator in Fig. 11.

- Recording the data consists of photographing each trace of an

oscilloscope by means of a 35 m moving strip camera. It is proposed to

use two oscilloscopes in parallel. One uses a fixed sweep length corres-

ponding to the largest pulse delay which is likely to be encountered during

the flight, and the other is an expanded sweep type which displays only a
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small region around the data pulse. With this oscilloscope, an operator

must be present to contimully advance the delay and "follow" the data

pulse as the relative delay time is varied by the ionosphere. A high

degree of accuracy can be obtained by comparing corresponding traces

on the two oscilloscopes. The display with the long sweep length can

be used to locate a range marker nearest the data pulse and this can

then be used for a more accurate measurement of the pulse delay time

from the expanded sweep trace.

'Ig

47K IM

IzO

Fgr 1

Figure 10. PAN3ASTRON DELAY
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VI. THE LOW FIRUENCY TRANSMITTER

A block diagram of the low frequency transmitter is shown in Fig.

12. Its basic operation will now be briefly discussed and then each of

the units will be examined in detail.

The input trigger, which is coincident with the transmission of the

high frequency reference pulse) is clipped and the pulse repetition fre-

quency counted down if desired in Unit A. This circuit can also be made

to free run, for testing purposes with an adjustable P.R.F. by the closing

of a switch so that the transmitter will operate in the absence of an in-

put trigger. The trigger then initiates a delay circuit (B) which provides

an adjustable delay between the transmission of the reference pulse and

the low frequency pulse. The delayed trigger is then distributed to a

gated pulse generator (C) and to a staircase generator (D). The stair-

case generator includes a count- dwn circuit for allowing a desired number

of pulses for each step position and an additional delay which positions

the staircase such that the modulating pulse will occur on the flat

portion of each step. A pulse is also produced at the beginning of each

stepping sequence which triggers the coding gate circuit (E). This, in

turn, biases the blocking oscillator off for a period of one step width.

Coding of the output pulse train is thus accomplished by blanking the pulses

from the bottom step in each stepping sequence. This coding makes it

possible to readily determine the frequency of each pulse in the recorded

data. The staircase waveform is used to frequency modulate an oscillator

(F) producing the desired frequency stepping feature. The oscillator

output passes through a low level cw amplifier before being pulse

modulated and fed to the power amplifier.
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A. Countdown and Test Unit. The circuit for this unit is shown

in Fig. 13. It constitutes a comnon triggered blocking oscillator, which

employes a dual triode to isolate the trigger input. The clipping feature.

is provided by varying the bias on the input tube, V . The blocking os-

cillator tube, V2 , is normally biased beyond cutoff and fires only on a

trigger of the proper magnitude. A countdown feature is provided by the

adjustable grid recovery circuit R1 , C1 . When switch S1 is closed, the

fixed bias is removed from V2 and the circuit free runs with a repetition

rate which is determined by R1 C1 •

B. Initial Delay and Staircase Generator. The initial delay and

the step delay are both provided by cathode coupled phantastron delay

circuits, which are identical to that of Fig. 10. This circuit is widely

used8 and need not be further discussed here except to mention that care

must be taken to insure that capacitor C be temperature stable to eliminate

drift and jitter. If this precaution is made, a jitter in the order of

•lgs may be expected for a total delay time of several hundred @s.

The generation of the staircase waveform is accomplished by the

circuit of Fig. 14. A blocking oscillator is used in conjunction with a

bi-stable four layer transistor diode.* The transistor diode is the solid

Millman and Taub, "Pulse and Digital Circuits", McGraw Hill Book
Co., Inc., New York, New York, P. 225-7; 1956

*Advice produced by Shockley Transistor Corp., Palo Alto, Calif.
Refer to Bulletic No. AD-2, February 1959.
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state equivalent of a gas discharge tube; it mintains a very high

impedance until a critical voltage is reached at which point it breaks

down and becomes a very low impedance. It remins in this state until

the current reduces to a minimm level where it again switches to the high

impedance condition. The blocking oscillator pulses are integrated by

C1 until the breakdown level of the transistor diode is reached. The

capacitor is then discharged through the diode and R2 producing a pulse

which is used to trigger the coding gate circuit. The number of pulses

which must be integrated to reach the breakdown level and hence the

number of steps is controlled by R1 which limits the current flow into

C1 during each pulse. An adjustable grid recovery circuit is also in-

corporated in the blocking oscillator to allow each step width to be an

integral number of pulse spaces. Ultlimtely, this allows an integral

number or successive pulses at each frequency ii the stepping sequence.

C. Coding and gate circuits. The function of this circuit is to

code the output pulse train by blanking one or more pulses at the be-

ginning of each stepping sequence, thus providing a reference for identi-

fying the various frequencies when reducing the data. A diagram of this

portion of the transmitter circuitry is shown in Fig. 15. The coding

gate is produced by a phantastron circuit, V7 , which is identical to those

which were used for delay functions, except the output is taken from the

connon grids 2 and 4 as a positive pulse is desired in this case.

The 15 gs pulse generator is a triggered blocking oscillator, which

uses a dual triode to isolate the input trigger. The positive coding gate

is applied to the cathode circuit of the trigger tube V8 , thereby biasing
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the tube beyond cutoff for the incoming triggers and blanking the output

during this time interval. A variable cathode bias on V8 provides an.

adjustable clipping level to insure proper pulse: coding. A two to one

voltage step-up in the output transformer gives a 300 volt modulating

pulse, which is approximately 15 9s long.

D. Oscillator. The oscillator circuit is shown in Fig. 16. It

is essentially a modified tuned grid tuned plate oscillator capable of

crystal or varicap modulation control depending on the position of switch

S 1 . In the varicap modulated position, the staircase waveform is applied

as a back bias voltage on similar pairs of varicaps in the grid and plate

circuits so that the resonant frequencies of their respective tuned

circuits vary approximately together, thus varying the output frequency

as a function of step voltage. One disadvantage of this type of modulation

is that the output frequency is not a linear function of the bias voltage.

The varicap characteristic curve of Fig. 17 shows that the capacitance varies

roughly as the reciprocal square of the bias voltage. The resultant change

of oscillator frequency with bias voltage is shown in Fig. 18. Although

oscillator linearity is not a requirement of the system, it is a desirable

feature and Fig. 18 indicates that the oscillator does exhibit a fair

degree of linearity over a one megacycle band. With the switch in the

crystal controlled position, the resonant frequency of the grid circuit

and hence the frequency of oscillation is determined by the parallel re-

sonant frequency of the crystal.

Pacific semi-conductors Inc. Voltage variable capacitor.
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The oscillator output. is: taken from & low impedance tap- point in

the plate circuit.. The impedance level. was: selected. for a nominal plate

circuit. Q. of about 5 over the operating ange to preserve the wave shapeo

T'aking. the output from, the plate circuit also. prevents: any- appreciable

loading in. the grid circuit. and allows: more stable operation.. The. cw

output ig: approximately 1. volt peak, with an. output impedance of 30W ohms.

E. Amplifier rnvestigation. Several. methodsi of approach were

investigated before deciding: how the amplifier stages of the transmitter

could. be designed to. best meet. the requirements.. The. transmitter specifi.-

cations require a. one megacycle bandwidth. at any center frequency in, the

operating: range:.

1. Tuned Amplifier Stages. The simplest method. of obtaining

the required. amplification at any, given center frequency is: by use. of

tuned rf stages with the Q. of the circuits adjusted to. give the required

bandwidth. Variable inductive or capacitive tuning: could. be- used to. vary

the- center frequency over a small range. For a fixed, coil or capacitor

however, the bandwidth of the, stage is a. function of the center freuency

to which the stage is tuned, and. in general the impedance match between

stages will also depend on the: center frequency. These problems. couldL

be overcome by using- a combination of inductive and capacitive tuning, but

retuning- procedures would indeed be quite difficult and very time con-.

suming. These limitations would indicate that the only practical method

of covering the required four to one frequency range using tuned amplifier

stages would be by the use of "plug-in" tuned circuits for each stage,

each covering about a one megacycle range:. This would require a minimum of



sevem or eight plug-in units forl each tuned circuit.

T.. rasformer coupled stages. The possetbilit of using

transformer coupling in, conmcutio with. video peaking techniques was

also. considered... Class, A. operation in the power- stages of the transmitter.,

is impossible at the required power levels andL hence, push-puIJL Class

operation woul&d be required- to maintain the rf vaveform after' the low,

level class A, stages.. The broad, band transformers for use in this. appli-

cation would. e brequired. to. operate at. relatively- hig impedance levels

over a; frequency range of 4- mc, to 12 mc-. Various transformer winding

techni e were investigated mostly using toroid. cores of ferrIte mterial.

Attempts to make & phase inversion or, balance&-to-unbalmnce. transformer

for use over this frequency range indicated that without the use of

special techniqces, the impedance level of such- transformers us limited,

to the neighborhood of 200 ohms by- shunt capacitances, an& leakage reactance.

Also, with. ferrite transformers there exists: the. problems. of core satura-

tion in the high. level stages.

3:. Distributive Amplification. The use of distributive amplL-

fication would. completely eliminate the need for tuning an& render the

system inherently broa&-band. The same problems in. preservation of the

rf wa-veform, in the high level stages exists here as: in the transformer

coupled design; class B push-pull operation would. be required. Another

problem to be considered is that no appreciable grid power can be drawn

by- the individual tubes in a distributed amplifier or the grid line

becomes lossy and operation is seriously impaired. Also, one half of the

rf power in the plate circuit of a distributed stage is absorbed in the

reverse line termination leaving only one half available for the load.

These limitations would make distributive techniques impractical for the



riml power stages where considerable grd drive is required for efficient

operation, but in the low leveL stages,. these objections are not. serious.

F. Low Level Distribute& Amplifier. On. the basis of the above

investigation, it was decidedi to use a distributed amplifier to supply

enough gain to the ew oscillator signal to allow the use of convenient

pulse modulation techniiues. A. suitable level was selected as 25 volts..

For an input signal of .5 volta,. the required over-all voltage gain is 50°

The Amperex z 18oF/6688 pentode was selected as the amplifier tube be-

cause of its high transconductance. For a distributed amplifier stage,

the reference voltage gain is:

A N g
2.

N = No. of tubes

gm= transconductance

& = characteristic impedance
op of plate line.

for the 6688 g 5  16, 500 ptr

Therefore

A = N x 8.25 x 10 aop

The voltage gain is directly proportional to the characteristic impedance

of the plate line. Therefore, it is desirable that this impedance be as

high as possible to achieve the gain with a minimum number of tubes. In

this application, we need not be concerned with the phase response of the

transmission lines and therefore, constant k filter sections may be used.
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For a. single low pass, T section

The characteristic impedance is

o(1)

and the cutoff frequency is

1

f rv (2)VZ Ck'

Combining these two equations. yields:

Z1
Ef

cCk

Therefore, the highest characteristic impedance which can be obtained for

a given cutoff frequency is when the shunt capacitance is a minimum.

The output capacitance of the 6688 is approximately 3 Wf. Stray wiring

capacitance per stage was estimated at 3 WLf giving a minimum relizable

capacitance per section of 6 ppf. If a cutoff frequency of 20 mc is

required, the highest possible characteristic impedance is

J! = 1
= -1 265o

xx 20 x 106 x 6 x 10 - 1 2
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giving a. mi. ° i -. per- statae. t

AL - 22.5X101X .6,x

t we. dismvered, haoever,, that in this: impedance rang- ordinary, carbo

resistors: &o nat .exhibit a, pure: resistance, at: fre~xencfezsi shave sa. few:

m -ycles an& hence, do, nt- prvide: prqpe terminatio ta theL trans-

mission. line.. XAL.5 k carbon. resistor was fdzuL ta hvfer & ph-e angl: in.

the order of - at 1-5 mc- and. thusa w chosn aa the upper, limit on the

terminating impedancee for the Line- For & =1-5k, then the: Sm, per.- stze

X~ = a-.Sx x: G-IX15 xIa 3 , I2_4_.

for va overa2ll gemi of 5G

50 = 12.)4- Y

Four stages: are reqpired-.

L.. Pla&te. circuit. transmissioi, line... The plate. circuit trans-

mission, line. reqiires- four constant k low pass 2 flter- sections to, be

cascaded.. It - derived terminating balf sectionsr with- a =-6 should. hbe

used. to. supply- the best. possible utch betwen the line anci the terminating

impedance over' the pass. band. CdbInin eqpationgr ((1), an&? ((2),, we &et

the necessary- design eqyations:.

(3)
Cr f L

Lk= &9L
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YO r Z L5O and'. = 20 me.op. c.

T -. 10.6. V.

r . 2D, x x: 15

(1-501rl x : Q. 10 = 23. Ph

eminating bm.T sec.tionsa .6

LiaLk =.3 r23.a 7.5 4h

4 = LcLk = .533 x 23-.d = 12-.7 Ph

M .-C C k=.3x-- = ~ Q3.5 f

The complete 4- section plate line is. shnown in Fig. 19,. In the ampiifier

;~~ ~~~a TT. ,- ,,,T- =
All inductors in the ph
All capacitors in WAf

Fig. 19. Plate circuit transmission line

circuit, the output capacitance of each tube and the stray wiring capaci-

tances will be absorbed in the shunt capacitors. For the 6688 the output

capacitance is approximately 3 P4f. Stray wiring capacitance per stage

was estimated at 2 to 3 Wf per section; thus an additional 5 paf was

added in parallel with the output capacitance of each tube.
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2". Grid Circuit Transmission Line. The design of the grid circuit

line: is. restricted to. the condition that the. propagation constant at- all

frequencies be. identical with that of the plate line.. This. condition is.

satisfied if the cutoff frequency is. made the same as that of the. plate

line, The input impedance of the amplifier w" chosen. asi 2.50L ta match.

the oscillator, output. Using the design equations (3) and. (1).

1
Ck =. x 250 6 63.6

Jr xi 20, x 10- 250

I = (2-50) 2. x 63:6. x 107- 3.98: ph

Terminating half sections a =: .6

1L = a .k = .3x 3.98 - 1.2ph

1 2

L 2 = I-M Lk = .533x 3.98 = 2.12 h
m

C - Ck = .3 x 63.6 = 19.1 p4f

The complete grid line is shown in Fig. 20. The input capacitance

of each tube is 10 Wf and allowin &approximutely 4 Wf stray capacitance

per stage , an additional 50 f must be added in parallel with the grid

of each tube. The complete distributed amplifier is shown in Fig. 21.
3.2 2 2 2. 2

All inductors in ph

All capacitors in Wf

Fig. 20. Grid Circuit Transmission Line
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.~ Pulse- Mbi~iataxr. The rf ampliflcation thus far is: broaa.band.,

and- yields: essentiaLy, constant owtput over the repwired. frexena7 range.

It is h±:&hy, desiraIble- that the pulse modulation- also. be &ccolished.

vithaut the- us,.- at tuned clrcuts and. themr inherent liniktations and. dis-

a&vantages as ciscussed. emrler.. Another- prbe is that the lower-

operating frequienaies are not well removed. f rm the sigaffIicamt components

of the mouimattag pul~se and. isolation. of the vadea pulse is qite difff-

cult:. RAIL of these probl-ems are overcome by the circuit of Fig. 22. A,

secondary. emisaon pentode is: used as a. balanced- m~dhl.ator- Mhe madxlating

pulse froan the L5, Lm pulse, generator- is appiLied- to, the screen. grid. allawing

the tube to be operated. in- a. zera bias state. The cvw input to, the grid.

is taken direatly f roan addictional- filter section in- the plate, lIne of the

1F-M 
C d

Pulsep' 6a >- Gem' C eraics CFO5'- Q
20 turns '02 g4e444A.
't-,PPe ad 16 topoes

Figure 22.. PULSE RQDJIATOR
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distributed. amplifier thereby eliminating the necessity of a tuned

circuit or matching transformer. The output is a balanced load connected

between. the plate and the secondary emission cathode by means of a ferrite

core inductor. The secondary emission cathode and plate current components

resulting from- the modulating pulse are effectively cancelled out in the

ferrite core giving only the rf pulse across the balanced load.

E. Power Amplifier. In order to estimate roughly the maximum

power which should be required from the transmitter, the receiving

antenna was assumed to be a linear dipole approximately one half wave length

long.

For a linear half wave dipole, the maximum effective aperture is 9

2 = V 
2

e max .13 - RP
r r

Vin = voltage across receiver input

R = radiation resistance of ther Antenna

P = power density of incoming signalr

If the antenna has a finite loss resistance, the effective aperture is:

R
A = K A where K = Re e max R

ttR t = termination resistance

9Kraus, "Antennas", McGraw Hill Book Co., Inc.
New York, New York, p. 51; 1950
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A study of low frequency dipole antennas for use on rockets has been made 0

and results indicate that a minimum expected efficiency would be somewhat

greater than 30. Thus, if we assume an antenna efficiency of 10%, this

should also allow for a slight mismatch on the antenna should it occur

and also provide reception over most of the dipole antema patternt.

The effective aperature should then be in the order of:

V 2
A = lx~'2 1 -l 2 2 _ in)A e .1 x .13 A 1.3 x 10-2t =e .jt r

but

P r G GI W
4nh 2

W = transmitter output power

G = Ground ant. gain

h rocket altitude.

P 2 1in)2 GI W (4)

r 1.3 x O-2 A2 Rt  4 h

42) 2
1.3 x 10-2 GRt (kin

Antenna investigations indicate Rt should be approximately 25 ohms for

the type of antennas to be used. Past experience indicates that under

extreme conditions, it may be necessary to have an input voltage to the

receiver in the order of 200 g volts to overcome the ambient noise level

lOMiner, op. cit.

liner, op. cit., p. 41
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in, this range of operating frequencies. If we therefore require

Vm = 200 L volts for the minimim frequency of 4 megacycles and. require
in.

operation to an altitude of 1000 kilometers:,

= 25 meters h lxlO-6  4x1O4

If the plasma. frequency at any position in the rocket trajectory

approaches relatively close to the operating frequency high signal

attenuation may result. To make allowance for some attenuation as well

as the losses in the transmitting antenna, we might assume the trans-

mitting antenna to have an effective gain of G = .1. The required

power then is roughly

P= 4X-2 (x 16xlO8 x)(4XIO -8 ) watts
1.3x10 x. lx25

- 386 x 16 x 4 = 24 Kw

Realizing that this should represent the extreme case, it was felt that

a peak power output of 20 KW would constitute a very conservative design.

The design details resulting in the complete power amplifier of

Fig. 23 will now be examined.

1. Output stage. The design of the power amplifier was carried

out in the usual manner once the rep:ired output power was determined. The

first step was the design of the output stage.

The 4CN15 ceramic tetrode was chosen as the output tube because of

its small physical size and high pulse power capabilities. It was deter-

mined that 10 KW could be obtained if the tube was operated class B with

1000 volts on the screen grid and 7000 volts on the plate. Thus, two tubes
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were needed to produce the required power. The class B design of the output

stage is included in Appendix II. In order to stay within the voltage ratings

of the tubes, it was necessary that the plate supply be pulsed. For this

reason, it was decided that the output stage would be both grid and plate

modulated. This was accomplished by making the grid pulse considerably

longer than the desired output pulse and allowing the plate pulse to

control the pulse width. A grid pulse of 15 g. sec duration was used

with a plate pulse of 5 sec being triggered approximately 5 gs after

the start of the grid pulse. This eliminates all rise-time and transient

effects from the grid pulse.

The primary problem in the plate modulation of the output stage is

that the lower portion of the operating frequency range is not well re-

moved from the significant components of the modulating pulse and isola-

tion becomes difficult. This problem can be overcome by operating the

output tubes in push-pull and feeding the modulating pulse on the center

tap of the balanced output transformer. Because of the difficulties,

discussed earlier, in winding broad-bani magnetic core transiormers of

the oalanced to unbalanced type, it was decided that it would be necessary to

tune the output circuit to match the plate to plate impedance to 50 ohms.

Saturation problems in magnetic core materials made it more desirable to

use fixed air core inductors with variable capacitance tuning. Push-

pull class B operation of the output tubes allows the use of relatively

low Q circuits without serious distortion of the rf waveform. The

tuned circuit was constructed such that "plug-in" coils could be used

to extend the tuning range from 4 mc to 12 mc. The range of tuning
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achieved with each coil was governed primarily by the capacitance range

of the variable capacitors and by the usable range of circuit Q which

was allowed.

The plate to plate impedance of the output stage was matched to

50 ohis by the use of series tuning in the secondary and a parallel tuned

primary. For this configuration, the load resistance R2 is reflected as

an equivalent resistance in series with L1 according to the relationship

for critical coupling: CA

X critical =R 1B

Rmr RL xr

where X = QM
m

R1 = equivalent resistance
in series with L

The equivalent parallel primary resistance is

(par) R1  in

in -

This result indicates that the impedance match for this configuration is

independent of freque icy, and therefore will !ot limit the usable tuning

range of the circuit. In order to obtain the maximum tuning range with

variable capacitors which were physically small enough to be used in the

unit, the Q of the primary was allowed to be quite low. The bandwidth
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of the. circuit wa. then determined by the secondary Q_ which was: allowed.

to vary approximately between 5 and, 10 over the tuning. range.. The re-

quired frequency range was covered with two. plug-in coils and variable-

capacitance tuning.

2. Driver Stage.. The. output stage requires. a, drive signal of

800 volts, peak across an equivalent grid to. grid impedance of I30,- SL.),

or an input power of 260 watts which must be. supplied by the: driver stage:..

A 5894 beam power dual tetrode was used for the. driver.. The class.

C." design is included in Appendix II. The. two halves of the tube were,

operated in parallel with 1000 volts on the plate. and a, screen. potential

of 600 volts. There was some doubt as to. the accuracy of the required.

drive power in the output stage design because. the published, characteristic:

curves had to be transformed for a higher screen voltage. Therefore,

a conservative approach was taken and the drive, design which was used.

gave a total of 38C watts for the two halves of the tube. in parallel.,

The plate impedance of the driver was matched to the. final stage. by- a

second tuned circuit. The same series-parallel tuning configuration

which was used in the output circuit was again employed so that the- im-,

pedance match would not vary with frequency.. This required that the

driver be shunt fed to allow series tuning in the plate. circuit and parallel

tuning in the secondary to supply the balanced push-pull grid. circuit of

the final. By allowing the Q of the parallel tuned secondary to be quite

low, a greater tuning range was possible for the variation in capacitance

which was available. The bandwidth was then determined by the series

tuned primary, as was the case in the output circuit, by allowing a
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variation of circuit 0. approximately- between. 5 and. 10. The required

freqwenc range. was covered. in. a. series. of three plug-in coils-

3- Nbn-Inverting Intermediate: Amplifier. The design. of the

driver in- Appendix II indicates. that. the pre-drive stage- must. supply-

Irn volta peak rf during- the pulse. In. the interest of simplicity- it

was desirable that. this be. accomplished without the use of any additional

tuned, circuits. Due to the high input: capacity- of the driver stage, a

resistance-coupled amplifier- designed to cover the required frequency

range must employ a, tube with a high figure of merit in order to achieve

a remsonable gain. A. conventional resistance-coupled amplifier, however,

would be required. to. operate class. "A" to produce a positive output for-

the: following, stage),or a broad-band inversion transformer would have to

be used-. Both of these alternatives present serious problems. It was

decided that these problems could be eliminated by using a secondary

emission pentode as a non-inverting amplifier, taking the output from the

secondary- emission cathode as shown in Fig. 23. This tube has an ex-

tremely high figure of merit when operated near the zero bias region and

provided the necessary gain between the output of the pulse modulator and

the driver stage.

I. The High Voltage Pulsed Power Supply. The remining problem

in the power amplifier design is a power supply to produce the 7 KV 5

gsec plate pulse for the output stage. The method used to produce the

pulse was the discharge of a pulse-forming network throughout a hydrogen

thyratron. The complete high voltage power supply is shown in Fig. 24.

This power supply also produces 1000 volts d.c. which is used in the re-

mainder of the power amplifier.
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1. The Pulse-forming Network. A five section m-derived delay

line was used as the pulse-forming network. The optimum condition for

constant delay per section as a function of frequency over the pass-band

12
is obtained with m=1.27 . In terms of the resultant pulse, this gives

the best compromise between rise-time and overshoot. To find the re-

quired characteristic impedance of the line the desired output power and

voltage had to be determined. For reasons which will be discussed later,

it was decided that a 4:1 step-up ratio was approximately the upper limit

for a pulse transformer which could be used to boost the output pulse

voltage in this application. Since the output stage of the power amplifier

has an efficiency of approximately 50%, the power supply must produce a

7000 volt, 40 Kd pulse. For a 4:1 step-up ratio, the line discharge

voltage must be 1750 volts and the characteristic impedance of the line

is

V 2  1750) 2
Z = - _ 76.5 IL

S P 40xlO3

The delay to rise time ratio for an m-derived filter with m=1.27 is

found to follow the relationship 13

t d 1 5 n where t = total delay time

t = rise time
r
n = number of sections

12 illman and Taub, 2k. cit. p. 295

13Ibid., p. 297
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If we require a pulse width of 5 isec and a rise time of 1 sec, the

required. number of sections is:

n = .9 4 (5) 1 . 5 = .94 x ll.2 = 10.25

For a pulse-forming network consisting of an open-circuit line, the

required number of sections is one-half of this or

n = 5 sections

To complete the design of the pulse-forming network, the following ex-

pressions are used to determine the values of a constand k low pass T

section.

delay per section ts = 1.27

characteristic Impedance Z =
ok

to allow for the rise time of the circuit, let T = .6 g sec.s

Then for Z = 76.5-L

76.5 = k/Ck Lk = (76.5) Ck

and

.6xlO- 6 = 1.27 V(76.# Ck2  = 1.27 x 76.5 Ck

Ck = .0062 pf

Lk = (76.5)2 x 6.2xlO-9  = 36.3Ph

For an m-derived low pass T filter section of standard configuration, the

inductance in the center arm becomes negative for m greater than one. This
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can be rectified by using the following equivalent network which utilizes

mutual coupling between the two series arms.

LI+M L-lA, L M Li

-M

where LI+M= -mT

-M = 1- - 2  L
-4M

C1  mC k

Therefore, the design equations for L and C in terms of Lk and Ck are:

2
L = m+1 Lk C±= mC k± 4m

And for this case the required vaLues are:

L (1.27)2 +_I x 36.3 = .Ip x 3b.3 l.'( ph
1 = xl.2(

M - (1.27)2 - x 36.3 = .1.22 x 36.3 = 4.44 h
4 x 1.27

C = 1.27 x .oo6 2 = .0087 1Lf

The complete five section line is included in Fig. 24.

2. Output Pulse Tinsformer. The four to one pulse transformer was

would on a high permeability ferrite torroid. By knowing the required

voltage and pulse width and the characteristics of the core material, the

required number of turns to avoid saturation was determined from the

relationship
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V
N V At

V = pulse voltage

Smax.= maximum allowable flux
in the core

At = pulse interval

which can easily be derived from the basic equation..

V =
dt

A core was selected which allowed the. required number of secondary

turns to be wound in no more than two layers in order that the shunt

capacity between layers. be. kept to a. minimum.. Since the. transformer must

invert the pulse as well as provide a four-to-one voltage step-up, it

was necessary that shunt capacity between the primary and secondary windings

be kept to a minimum also, while at the same time obtaining the maximum

possible magnetic coupling. Experimentation led to the conclusion that

the maximum usable step-up ratio for this application was approximately

four-to-one. The increasing shunt capacitances and leakage reactance at

higher ratios began to seriously distort the pulse shape.

3. D.C. Supply and Charging Circuit. The pulse forming delay line is

charged through an inductor and diode in series with the d.c. supply. The

inductor was so chosen that it resonates with the total capacitance of the

delay line at a frequency somewhat higher than the maximum expected operating

P.R.F. Immediately after the discharge of the delay line, the series

resonance of the inductor and delay line capacitance causes a sinusodial

charging current to flow. Since the voltage across the capacitor lags the



66

current by 90', the voltage starts at a mininimm point of the: sinusoid

and. charging continues for one-half cycle until the peak of the wave form

is reached. The series diode then. clamps the voltage to this point.

This method has a great advantage over conventional series resistance

charging in that the line is charged to essentially twice the supply

voltage without dissipation of power.

To supply a discharge pulse of 1750 volts, the line must be charged

to twice this value. Since the supply voltage is doubled by the resonant

charging circuit, the d.c. power supply must produce 1750 volts. This

is supplied by a 1000 volt transformer in conjunction with a standard

voltage doubler and an RC filter. A thermal delay relay was incorporated

to allow the power amplifier tubes a minimum warm-up time of sixty seconds

before application of the high voltage.
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VII. ShAM.AY AND CONCLUSIONS

The upward pulse delay system which has been described, is capable

of measuring the vertical distribution of the free electron density of

the Ionosphere. Small scale variations in the horizontal distribution

can also be obtained by extending the system to include several low

frequency transmitters. By using large separation of the transmitters on

the ground, multiple paths to the rocket are obtained. The data re-

corded for the various paths then gives an indication of the horizontal

structure of the Ionosphere. The use of multiple transmitters requires

the addition of a time sychronization system so that the different trans-

mitters can be pulsed in proper time sequence.

The airborne equipment, exclusive of the reference link, consists only

of the low frequency receiver and a dipole antenna. The antenna is mounted

externally and requires very little internal space. The low frequency re-

ceiver occupies a space 5 1/2 inches in diameter and 2 inches high. The

complete receiver weighs 1/2 pound and has a total power consumption of

I
f watt. These small weight and space requirements make it possible to

conduct this experiment concurrently with others on the same rocket. Since

the low frequency transmitters are to operate from the ground, no stringent

weight and space limitations need be imposed except that a unit be easily

portable. It was therefore possible to design the transmitter such that a

series of frequencies could be investigated simultaneously during an ex-

periment. The transmitter is capable of stepping frequencies over any one

megacycle interval from 4 mc to 12 mc. The operating frequency was made

quite easily adjustable over this range. Photographs of the complete low
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frequency transmitter are included in Figs. 25 to 28. The unit was

constructed to occupy a panel height of 21 inches and has a total weight

of 110 pounds. Preliminary tests indicated that the system operates

satisfactorily. At the time of completion of this paper, however, the

system had not yet been used for an actual rocket flight, and therefore,

actual performance information could not be included.
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FIGURE 25. UPWARD LOW FREQUENCY TRANSMITTER
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A. Top View

B. Front View

FIGURE 26. LOW LEVEL STAGES
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A. Top View

B. Front View

FIGURE 27. POWER AMPLIFIER CHASSIS
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A., Top View

B. Front View

FIGURE 28. POWER SUPPLY CHASSIS



73

APPENDI I.

Propagation of Electromagnetic Waves in an Ionized Medium

Consider a. linearly polarized plane wave traveling in the positive

Z direction.

EX =R Sin )

At a. given point in space this reduces to

E = E Sin Wt

By- Ibxwells equation from Amperes law the current is:

i= dl= j + )ds

= *0 ds + IJ . ds = displacement + iconduction (2)

For a lossless dielectric medium the second term is Zero and only the

displacement term is present

id

For a plane wave the Area Vector is in the same direction as E. Hence for

a unit area the current is:

i d = FL0 E. - I (3)

Notice that for the lossless dielectric the current leads the voltage by

900 such that the medium is capacitive in nature.

Now if we assume there are N free electrons per unit volumne in the

region which have a collisional frequency , we can write the equation of

motion of an electron as:

eE -mvO= dv (
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The first term represents the force on the electron due: to the applied field

and the second term is the retarding force due to collisions. Rearranging

equation (4) into more convenient form and substituting in equation (1)

we have:

dv +, v- e E sin lt o
dt m m

or in Laplace domain
eE

Y() = M1

This can then be expanded by partial fractions to yield

eE [S+.
V(s) = m L- -

which can be transformed into the time domain to yield

v(t ) -- W-0 F"r 5

The motion of the electron can be interpreted in terms of a resultant current

density:

_ Ne 2  E cos Wt

The conduction current then is:

ij= J ds

or for a unit area i = J

The total current then from equation (1) is

i d +

Fe -~~~~- -I 2(6)
K~M M&Wtb. '
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The bracketed term in equation (6) corresponds to @ for the lossless case

of equation ( . and hence it is referred to as the effective dielectric

constant of the ionized medium

We can now determine an equivalent circuit for our unit area in the ionized

medium by writing the expression for the admittance

I.__ ___ _

E sinWt JEm cos v t

N 2 te
__e _ + -

Algebraic manipulation of this expression leads to the following equivalent

circuit:

L: e

£ A~ Fig. A.

-ij Eouivalent circuit of an

Ne Ionized Medium

Thus far we have not taken into account the effects of any external magnetic

fields. Therefore in the actual case the derivation must represent a first

order approximation in which the earthIs magnetic field has been neglected.

The region of interest for the experiment described in this paper is the

E layer of the Ionosphere and above, or altitudes from approximately 100

kilometers up. In this region the gas density is so low that the electrons

experience a negligible amount of collisions, and the equivalent circuit



76

of Fig. L. becomes very high Q. For this condition 0 and the effective

dielectric constant of equation (7) can be simplified as

: -
(q 

-'

The effective dielectric constant is thus seen to be less than unity. If

we define the plasma or critical frequency of the medium as that frequency

at which the. dielectric constant becomes Zero then

M "° E. A

The effective dielectric constant can then be written

(9)

The physical significance of the effective dielectric constant variation

with frequency can be more easily understood by writing the expression for

the refractive index of the medium.

For f fc the refractive index becomes imaginary indicating that a wave

would not prupagate in -ne med.um celow this frequency, but experience

total reflection. For f f C the wave will propagate with a phase velocity

1 1 c (10)

and a group velocity

2
V c c(1)
g v

These expressions will be recognized as those familiar in wave guide theory

except for the definition of fc
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APPENDIX II.

A. Power Amplifier Design

Tubes - 2 Eimac 4CN15 ceramic tetrodes operated in push-pull.

The published curves were revised for operation with 1000 volts

on the screen grid by multiplying the plate and grid voltages by

00= 4. The increase in plate current was assumed to follow the250

te O00p ~. The control grid current
the 1r lp

extrapolated to the higher positive grid region as well as possible from

the published curves. The class*Codesign was carried out using the 150

2
increment Chaffee method

Q point E = 7000 V E = -300 VP g

T point E = 1600 V E = +100p g

E = 54OOV E =40OV
p max g max

Point I (x) I

(amps) (amps) Where A,B,C,D,E, and F

A 1.3 2.4 are 150 increments on
B 1.25 2.1

C 1.05 .8 the load line.

D .52 0

E .16 0

F .05 0

'Terman, "Radio Engineers Handbook," McGraw-Hill Book Co.,
Inc., New York, N.Y., P. 298-300; 1943

Albert, "Electronics and Electron devices," Macmillan Co.,
New York, N.Y., P. 289; 1956
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Peak Fundamental I (A+I.93B.t1.73C+1.41D+E+.52F)Pek unamntl max 12

8
Ipmax = 12 (1.3+2.42+1.82+.73+.16+.03) = 4.32 amp

1- (2.4+4.05+1.38) = .65 amp
Igmax 1 -2

D.C. Component I = (.5A +B+C+D+E+F)
dc 12

b  (.65+1.25+1.05+.52+.16+.05) = 3.06 ampV I

Power Out P = max max _ 4.32 x 5400 = 11.6 kw2 2
Vmax _5400 -

Load Resistance R1 = I = .32 1250 rLmax
V I
Dg max g mas 400x.65 130 wattsDrive Power Pdr = 2 2-3 at

2 2

D.C. Power Pin = Idc Vdc = 3.06x7000 = 21.4 kw

o 11.6
Efficiency = 21.4 - 54%

in

B. Driver Design

Tube - Amperex 5894 dual tetrode, both halves operated in parallel.

The published characteristic curves were transformed for 6oo

volts screen grid potential in the same manner as part A.

C point E = lO00 V E = -95 Vp g

T point E = 200 V E = +12 V
p g

E =800 V E = 107 V
p max g max
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Point rP(: .- )

(amps)

A. .30

B -29

C .24

D 16

R .05
F 0

Ip(max) = 12 (.30+.56+.42+.22+.05) = .48 amp

Powr utvmx max _ 
8oox.48

Power Out = 2 = 192 watts
V
vmax 800Load Resistance R]_ = =  _ _.- = 1660 o--
Imax

For 2 tubes in. parallel

P = 2.x 192.= 384 watts
0

R =166o
1 2 = 8 30ohms
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